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摘   要 
 I
摘   要 
陶瓷材料在烧成过程中通常会发生晶粒和气孔的数量、大小和形状的变化。
本文采用传统的固相反应法制备 BaTiO3 和 PZT 陶瓷，获得陶瓷微观形貌的 SEM
照片和陶瓷宏观形状的 CCD 照片，以及气孔率和收缩率的定量数据，表明烧结
体随着气孔减少而收缩；使用 IPP 软件对 SEM 照片进行图像处理，获得晶粒生
长动力学因子和晶界分维值，表明在陶瓷烧结初期晶粒生长动力学因子为 0～2，
后期为 3～4；分维值随着保温时间的延长而减小；采用 HP4284 A 测量仪测量不
同气孔率样品的电容率，表明在气孔率减小的同时电容率逐渐变大。 
结合实际陶瓷的烧结过程，在原有仿真工作基础上，根据 Monte Carlo 仿真











































Abstract                  
During the firing process of ceramics, three major changes commonly occur: the 
number, size and shape of grain and pore. In this thesis, BaTiO3 and PZT ceramics 
were prepared via the conventional solid-state reaction method. Microstructure of 
SEM photo, Macrostructure of CCD photo and the data of porosity and shrinkage 
were obtained. The result showed that the samples shrunk as the porosity decreased. 
SEM photo were dealed with IPP software. Both the grain growth kinetics exponent 
(about 0～2 in the early stage and 3～4 in the late stage of grain growth) and the 
fractal dimension (decreased as time incressed) were got. Dielectric properties of the 
samples with different porosity were measured by HP4284 A precision meter. The 
results showed that a decrease in the porosity led to larger dielectric constant. 
On the basis of the former simulation program (that was, a three-dimedsional 
model was proposed for the computer simulation of grain growth in ceramics with 
ABO3 structure, which was developed with Microsoft Visual C++ and OpenGL.), with 
the sintering process of practical ceramics, sintering theory were further applied to 
computer simulation. Pores were introduced to the process of grain growth. The 
fractal dimensions of grain boundaries and kinetic exponents of grain growth were 
obtained. Series of data resulted from the simulation of pores were applied for the 
simulation of sintering shrinkage.  
Based the Banno and Okazaki model, the effect of porosity on dielectric constant 
was predicted under certain conditions. Meanwhile, the simulated results were also 
compared with the ones of practical ceramic sintering, and it was in good agreement 
with the experimental result of practical ceramics. 
 

















摘   要 ...................................................................................................... I 
Abstract.....................................................................................................II 
 
第一章 绪论 ..............................................................................................1 
1.1 前言 .....................................................................................................................1 
1.2 陶瓷烧结的基本理论 .........................................................................................1 




1.3 晶粒生长动力学因子与分维值 .........................................................................8 
1.3.1 晶粒生长动力学因子.....................................................................................................8 
1.3.2 晶界分维值.....................................................................................................................9 
1.4 陶瓷烧结仿真的国内外研究状况 ...................................................................10 
1.4.1 晶粒生长仿真的研究状况 ...........................................................................................10 
1.4.2 气孔演化仿真的研究状况 ........................................................................................... 11 
1.4.3 烧结致密化及变形的研究状况 ...................................................................................12 
1.5 晶粒生长的计算机模拟仿真 ............................................................................14 
1.5.1 理论基础.......................................................................................................................14 
1.5.2 原子线度三维仿真软件的设计 ...................................................................................17 
1.5.3 原子线度三维仿真软件的实现 ...................................................................................20 
1.6 本论文的主要研究内容 ...................................................................................20 
 
第二章 实际陶瓷的制备与表征手段 ....................................................22 
2.1 概述 ...................................................................................................................22 
2.2 BaTiO3 和 PZT 陶瓷的制备方法.....................................................................22 





2.3.5 晶粒面积和晶界分维值的测试方法 ...........................................................................26 
 
第三章 实际陶瓷的烧结结果分析 ........................................................28 
3.1 概述 ...................................................................................................................28 


















3.3 陶瓷烧结过程气孔的演化 ...............................................................................36 
3.3.1 显微形貌分析...............................................................................................................37 
3.3.2 气孔率分析...................................................................................................................40 
3.4 陶瓷烧结过程宏观的演化 ...............................................................................43 
3.4.1 CCD 照片分析 ..............................................................................................................43 
3.4.2 线收缩率分析...............................................................................................................46 
3.5 陶瓷的电容率 ...................................................................................................48 
3.6 小结 ...................................................................................................................51 
 
第四章 带有气孔的陶瓷晶粒生长仿真 ................................................52 
4.1 概述 ...................................................................................................................52 
4.2 理论基础 ...........................................................................................................52 
4.3 带有气孔的陶瓷仿真的设计与实现...............................................................53 
4.3.1 含气孔陶瓷仿真的主要思路 .......................................................................................54 
4.3.2 含气孔陶瓷仿真程序流程图 .......................................................................................54 
4.3.3 含气孔陶瓷仿真的实现...............................................................................................55 
4.4 仿真定量结果分析 ...........................................................................................61 
4.4.1 晶粒生长动力学因子分析 ...........................................................................................61 
4.4.2 晶界分维值分析...........................................................................................................62 
4.4.3 气孔率曲线...................................................................................................................64 
4.5 小结 ...................................................................................................................65 
 
第五章  陶瓷烧结收缩的仿真 ..............................................................66 
5.1 概述 ...................................................................................................................66 
5.2 理论基础 ...........................................................................................................66 
5.3 陶瓷收缩仿真的设计与实现 ...........................................................................67 
5.3.1 陶瓷收缩仿真的主要思路 ...........................................................................................67 
5.3.2 陶瓷收缩仿真程序流程图 ...........................................................................................68 
5.3.3 陶瓷收缩仿真的实现...................................................................................................68 
5.4 定量结果分析讨论 ...........................................................................................69 
5.5 小结 ...................................................................................................................71 
 
第六章 晶体生长过程的介电性能仿真预测 ........................................72 
6.1 概述 ...................................................................................................................72 
6.2 理论基础 ...........................................................................................................72 
6.3 介电性能仿真预测的设计与实现 ...................................................................72 
6.3.1 介电性能仿真预测的主要思路 ...................................................................................72 
6.3.2 介电性能仿真程序预测的流程图 ...............................................................................74 
6.3.3 介电性能仿真预测的实现 ...........................................................................................75 
















第七章 总结与建议 ................................................................................79 
7.1 总结 ...................................................................................................................79 
7.2 不足与改进建议 ...............................................................................................80 
 
参考文献 ..................................................................................................81 





















Chapter 1 Preface .....................................................................................1 
1.1 Introduction ........................................................................................................1 
1.2 Theory of Ceramics Sintering ...........................................................................1 
1.2.1 Diffusion and Driving force .............................................................................................1 
1.2.2 Grain Growth ...................................................................................................................3 
1.2.3 Evolutions of Pores ..........................................................................................................5 
1.2.4 Firing Shrinkage...............................................................................................................7 
1.3 Grain Growth Kinetics Exponent and Fractal Dimension .............................8 
1.3.1 Grain Growth Kinetics Exponent.....................................................................................8 
1.3.2 Fractal Dimension ............................................................................................................9 
1.4 Advances in Simulation of Ceramics Sintering .............................................10 
1.4.1 Grain Growth Simulate ..................................................................................................10 
1.4.2 Pore Evolution Simulate ................................................................................................ 11 
1.4.3 Firing Shrinkage and Warping .......................................................................................12 
1.5 Computer Simulation of Grain Growth .........................................................14 
1.5.1 Theory ............................................................................................................................14 
1.5.2 Simulation Method at Atomistic Level ..........................................................................17 
1.5.3 Simulation Result at Atomistic Level.............................................................................20 
1.6 Main Purpose of this Thesis.............................................................................20 
 
Chapter 2 Preparation and Characterization Methods of Practical 
Ceramics...............................................................................21 
2.1 Introduction ......................................................................................................21 
2.2 Preparation Methods of BaTiO3 and PZT Ceramics ....................................21 
2.3 Characterization Methods of BaTiO3 and PZT Ceramics............................24 
2.3.1 Observation Methods of Ceramic Microstructure..........................................................24 
2.3.2 Measurements Methods of Density................................................................................24 
2.3.3 Measurements Methods of Linear Shrinkage.................................................................24 
2.3.4 Measurements Methods of Dielectric Properties ...........................................................24 
2.3.5 Measurements Methods of Grain Area and Grain Boundary .........................................25 
 
Chapter 3 Sintering Results of Practical Ceramics.............................26 
3.1 Introduction ......................................................................................................26 
3.2 Grain Evolutions of Ceramics in Sintering....................................................26 
3.2.1 Observation of Microstructure .......................................................................................27 
3.2.2 Kinetic Exponents of Grain Growth...............................................................................30 
3.2.3 Fractal Dimension of Grain Boundaries.........................................................................32 
3.3 Pore Evolutions of Ceramics in Sintering ......................................................35 
3.3.1 Observation of Microstructure .......................................................................................35 
3.3.2 Analysis of Porosity .......................................................................................................38 
3.4 Macrostructure Evolutions of Ceramics in Sintering ...................................41 
3.4.1 Analysis of CCD Photo ................................................................................................41 















3.5 Dielectric Constant of Ceramic .......................................................................46 
3.6 Summary ...........................................................................................................48 
 
Chapter 4 Simulation of Grain Growth with Pores ............................52 
4.1 Introduction ......................................................................................................52 
4.2 Theory................................................................................................................52 
4.3 Simulation Method and Result with Pores.....................................................53 
4.3.1 Methodology of Simulation with Pores .........................................................................54 
4.3.2 Flow-chart of Simulation with Pores .............................................................................54 
4.3.3 Result of Simulation with Pores.....................................................................................55 
4.4 Quantitative Analysis of Simulation Results..................................................61 
4.4.1 Kinetic Exponents of Grain Growth...............................................................................61 
4.4.2 Fractal Dimension of Grain Boundaries.........................................................................62 
4.4.3 Porosity Analysis............................................................................................................62 
4.5 Summary ...........................................................................................................65 
 
Chapter 5 Simulation of Ceramic Shrinkage during Firing ..............66 
5.1 Introduction ......................................................................................................66 
5.2 Theory................................................................................................................66 
5.3 Simulation Method and Result of Firing Shrinkage .....................................67 
5.3.1 Method of Firing Shrinkage Simulation.........................................................................67 
5.3.2 Flow-chart of Firing Shrinkage Simulation....................................................................68 
5.3.3 Result of Firing Shrinkage Simulation...........................................................................68 
5.4 Quantitative Analysis of Simulation Results..................................................69 
5.5 Summary ...........................................................................................................71 
 
Chapter 6 Dielectric Properties Simulation of Grain Growth ...........72 
6.1 Introduction ......................................................................................................72 
6.2 Theory................................................................................................................72 
6.3 Simulation Method and Result of Dielectric Properties ...............................72 
6.3.1 Method of Dielectric Properties Simulation...................................................................72 
6.3.2 Flow-chart Of Dielectric Properties Simulation.............................................................74 
6.3.3 Result of Dielectric Properties Simulation.....................................................................75 
6.4 Summary ...........................................................................................................78 
 
Chapter 7 Concluding Remarks............................................................79 
7.1 Summary ...........................................................................................................79 



















































位。若浓度 c 与时间无关，则扩散过程能用 Fick 第一定律描述[1,3]： 






















∂                          (1-2)    
对于包含空位点缺陷的纯元素物质，原子或空位从一个区域到另个区域的扩
散并不引起总格点数目的变化，其原子的扩散流量取决于原子与空位的化学势Ua
与Uv之差： (Ua- Uv)，此时流量方程可写成： 










                        va JJ −=                                 (1-4) 
平衡状态下，就有下式： 























































mVMN ==                        (1-7) 
式中，M为分子重量，ρ为颗粒比重，Vm是摩尔体积。而颗粒系统的总表面积SA
为： 
                   aVNaS mA /34
2 == π                       (1-8) 
则其总表面能Es为： 
                     aVE msvs /3γ=                           (1-9) 




                       mVPW ⋅=                            (1-10) 
当P=30MPa，Vm=25×10-6m3时，则功W=750J。 
三是烧结中化学反应提供的驱动力。一个化学反应伴随的自由能ΔG 为： 
                      eqKRTG ln−=Δ                        (1-11) 
式中，R为气体常量(8.3J/mol)，T为绝对温度，而Keq是反应的平衡常数。当






由 1 微米变化到 1 厘米，对应的能量变化大约为 0.1～5 卡/克。 
弯曲的晶界两边存在着自由能差，由下式给出： 
                   )11(
21 rr
VG +=Δ γ                           (1-12) 
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